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a b s t r a c t
A fine-grained magnesium ZK60 alloy was used to study texture evolution during processing by equal-
channel angular pressing. Experiments were conducted by pressing the alloy through dies having angles
of 90◦, 110◦ and 135◦ and the textures were predicted using a visco-plastic self-consistent model. It




indicate that, after basal 〈a〉 slip, there is significant prismatic 〈a〉 slip and pyramidal 〈a〉 slip activity during
ECAP in all cases. This is a unique result attributed to the fine grain size and severe plastic deformation.
The simulations also reveal evidence of geometrical softening in the first stage of deformationwhenusing
dies having channel angles of 90◦ and 110◦.




Processing by equal-channel angular pressing (ECAP) is an effec-
iveprocedure forproducingexceptional grain refinement inawide
ange of metals, multi-phase alloys and metallic composites [1].
arly experiments on the processing of magnesium alloys by ECAP
howed the development of a preferred texture in which the basal
lanes were inclined at ∼45◦ to the billet axial direction [2–4] but
ore recent reports suggest that different textures are produced
epending upon the ECAP processing route [5,6]. Experiments on
agnesium alloys also show differences in the texture evolution
epending upon the alloy composition [7,8].
The evolution of texture during the plastic deformation of
etals has been modeled through the use of visco-plastic self-
onsistent (VPSC) simulations [9,10]: a comprehensive review of
exture evolution in ECAP and the use of VPSC modeling is now
vailable [11]. This approach was also developed to provide bet-
er predictions for the behavior of materials having low symmetry
uch as hexagonal close-packed (h.c.p.) metals [7,8,12–15].
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oi:10.1016/j.msea.2009.10.061A model for material flow in ECAP was developed [16] and
applied successfully to predict the texture evolution, plastic
anisotropy and transients in the mechanical response due to strain
path changes in copper [17–20]. Some recent reports document a
generally good agreement between simulations and experimental
results for texture evolution invariousmagnesiumalloysprocessed
by ECAP [6,8] where a best fit was obtained by considering a lower
critical resolved shear stress (CRSS) for pyramidal 〈c+ a〉 slip than
for prismatic 〈a〉 slip or pyramidal 〈a〉 slip [8]. However, these analy-
seswere performed exclusively for the situationwhere the channel
angle, defined as the angle ˚ between the two parts of the channel
within the ECAP die, was equal to 90◦ and this is inadequate for
difficult-to-work materials such as magnesium alloys where it is
now known that it is often beneficial to conduct the processing by
ECAP using dies having significantly larger channel angles [21]. In
addition, processing with dies of different channel angles provides
an opportunity to change the orientation of the shear plane which
may affect texture development and the mechanical properties of
the processed material.
It iswell established that the principal slipmodes inmagnesium
alloys are: 〈a〉 basal (0 001) [11 2¯ 0], 〈a〉 prismatic (1 0 1¯ 0) [1 1 2¯ 0]
and 〈a〉 pyramidal (0 0 1¯ 1) [1 1 2¯ 0] [22,23]. To accommodate c-axis
deformation, it is preferable to use the second-order pyramidal
〈c+ a〉 slip system, (11 2¯ 2) [1¯ 1¯ 2 3], but the CRSS for this system
is relatively high [24]. From published data on single crystals at
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10× larger than for basal slip and the 〈c+ a〉 second-order pyra-
idal slip is ∼40× larger. Furthermore, these factors may increase
t lower temperatures.
The behavior for polycrystalline magnesium may differ if stress
oncentrations at grain boundaries activate non-basal slip at lower
oading levels. Transmission electron microscopy was used to eval-
ate the presence of non-basal dislocations in fine-grained AZ31
25,26] and AZ61 [27] magnesium alloys deformed in tension at
oom temperature and the orientation factors for these grains. The
esults suggest that non-basal slip may be activated in fine-grained
agnesium alloys with an anisotropy factor of only ∼1.5 instead
f by several tens as expected from the CRSS data for single crys-
als.
Using this information, it is expected that the ratio between the
RSS fordifferent slip systemsmayvarydependingon thegrain size
f the starting material. The earlier analyses of texture evolution in
g alloys processed by ECAP used materials with relatively coarse
rain sizes as the starting structures [6,8] and this may explain
he estimated high ratios between basal and non-basal slip that
ere needed to achieve the best agreement between simulation
nd experiment. It is reasonable to anticipate that texture analysis
or fine-grained Mg alloys, as processed by ECAP, should consider
he possibility of lower CRSS ratios between the different slip sys-
ems. In addition, the earlier reports considered processing using
CAP dies with a channel angle of 90◦ but it is clear that variations
n the die angle will influence the texture due both to the different
rientations of the shear planes and thedifferent imposed strains in
verypass. Thepresent investigationwas therefore initiated topro-
ide a comprehensive understanding of texture evolution, the role
f non-basal slip systems and the geometric hardening/softening
ccurring in an ultrafine-grained magnesium alloy after processing
y ECAP through the use of multi-scale polycrystal modeling with
n emphasis on the effect of using dies having different channel
ngles.
. Experimental material and procedures
.1. Principles of ECAP processing
The experiments were conducted using a commercial ZK60
Mg–5.5wt% Zn–0.5wt% Zr) alloy supplied by Timminco Corpora-
ion (Aurora, CO) in the form of extruded rods with diameters of
0mm. Measurements revealed an initial grain size of ∼2.9m in
he as-received extruded condition.
Billetswere cut from these rods for ECAPwith individual lengths
f 60mm and they were pressed using a Dake hydraulic press of
50 tons capacity operating at a pressing speed of ∼7mms−1. The
rocessing was performed at 473K where this represents a typical
emperature for the processing of magnesium alloys by ECAP. The
rocessing used solid dies having different internal channel angles
f ˚=90◦, 110◦ and 135◦ and with identical external arcs of cur-
ature of  ≈20◦ at the point of intersection of the two parts of
he channel. Each billet was pressed through 1 pass to give total
trains of ∼1.1, ∼0.8 and ∼0.5 for each ECAP die, respectively [28].
nly 1 pass was performed experimentally with the objective of
sing the data obtained experimentally in the first pass to predict
he evolution of texture in subsequent passes.
.2. Measurements of textureSamples were cut from the center parts of the billets before
nd after a single pass using the ECAP dies with different chan-
el angles. The cross-sectional plane, perpendicular to the billet
xial direction, was ground with abrasive paper and polished with
.05m alumina. After grinding and polishing, the samples wereEngineering A 527 (2010) 1709–1718
etchedwitha solutionofnitric acid inethanol to removeanysurface
layer damaged by mechanical polishing.
The preferred orientation in the samples was analyzed using X-
ray diffraction. The samples were mounted onto a Eulerian cradle
and texture measurements were carried out by measuring incom-
plete pole figures using a Philips diffractometer with K copper
radiation. The pole figures (100), (1 01), (1 10) and (002) were
measured with complete circles over the rotation angle  (0–360◦)
and with fixed tilt angles  over a range between 0◦ and 70◦
with increments of  = =5◦. A texture-less (random texture)
standard sample was used for the defocusing correction and back-
ground subtracting. The experimental pole figures were measured
in the cross-sections of the ECAP billets using a controlled coordi-
nate system and then they were rotated to the coordinate system
used for the VPSC modeling. The complete pole figures were calcu-
lated using X’Pert software (PANalytical B.V.) and then converted
into a format suitable for POPLA software for comparison with the
predicted textures.
2.3. The VPSC modeling
The texture of the as-received material was represented by
assigning a volume fraction to ∼2000 discrete crystallographic ori-
entations which were used as input into the simulations. Other
reports have described the principles of modeling ECAP processing
[9,11,16]. The visco-plastic self-consistent (VPSC) model was used
in this investigation [12] where each grain is treated as an ellip-
soidal visco-plastic inclusion embedded in, and interacting with,
an anisotropic homogeneous effective medium which represents
the ‘average’ environment seen by each grain. A modified tangent
approach in the linearization schemewasused. Itwas assumed that
the grains were initially spherical and a grain splitting routine was
employed [9] since it is knownthis is important inmulti-passpress-
ings [10]. The critical aspect ratio where deformed grains split into
two or four smaller grains was set at 5. A visco-plastic power law
was used to relate the slip rate produced by each slip system and
the resolved shear stress on that system including the threshold
CRSS.
The simulations considered the fan-model for ECAP processing
[16]where this incorporates a broadplastic deformation zone asso-
ciated with the external curvature of the ECAP dies. The combined
fan/VPSC model has been applied successfully to predict the tex-
ture evolution, plastic anisotropy and transients in the mechanical
response due to strain path changes in copper [17–20]. This model
was extended recently to account for any general die angle, ˚ [11].
Finite element simulations of ECAP have shown that the deforma-
tion zone during ECAP processing of this alloy may be broader than
the external curvature of the die due to the high strain rate sensitiv-
ity at the temperature of pressing [21]. Accordingly, the simulations
incorporated a fan angle of 45◦ for all ECAP dies.
The following slip systems were considered in this analysis:
basal 〈a〉, prismatic 〈a〉, pyramidal 〈a〉 and second-order pyrami-
dal 〈c+ a〉, where these are the main slip systems in magnesium
[22–24]. Although twinning is often consideredan importantdefor-
mation mechanism in Mg alloys, the twinning activity is reduced
at high temperatures and earlier reports have demonstrated good
agreement between experiments and ECAP simulations when con-
sidering only the former slip systems [6,8]. The values of the CRSS
are constant for each system and they are non-hardening. The
(0002) and (10 1¯ 0) pole figures were generated by simulation to
provideaqualitative comparisonbetween thedifferent simulations
and experimental results.
The simulations considered three separate dies with channel
angles of 90◦, 110◦ and 135◦. Fig. 1 illustrates the geometry of
these dies and the orientation of the reference axis. The pole figures
were generated after ECAP processing along the plane containing










































Inspection of Fig. 2 shows the as-received material has a typical
extrusion texture in which the (0002) poles tend to align perpen-
dicular to the billet axial direction. The texture after ECAP is similarFig. 1. Illustration of geometries of the dies used in
he 1-axis and 2-axis with the billet lying horizontally. Although
he experimental data cover only 1 pass of ECAP in dies with dif-
erent angles, the simulations were also conducted for multiple
asses. These simulations are important in order to forecast tex-
ure evolution using parameters that are well characterized based
n measurements taken after processing through a single pass. The
alculated textures were obtained after each pass from simulations
here the model input remained unchanged between passes (for
xample, the texture and the values of the CRSS).
As described earlier [9], rigid body rotations were used to estab-
ish the different ECAP processing routes. Each billet was rotated
lockwise by an angle of  −˚ around the 3-axis after every pass
here this rotation reorients the billet so that it lies parallel to
he entry channel of the ECAP die. A second rigid body rotation
round the 2-axis was then used to directly establish the required
rocessing route. After thefinal pass, thebilletwas rotated counter-
lockwise by ˚− (/2) about the 3-axis in order to align the billet
xis with the horizontal.
An important characteristic in the processing of magnesium
lloys is that the ECAP is usually conducted at high temperatures
nd there may be grain refinement by recrystallization between
equential passes. This effect was not included implicitly in the
resent simulationsbut anearlier report confirmed the reliabilityof
exture simulations during multiple passes of ECAP because there
re no significant changes in the orientations of the grains [6]. A
ossible consequence of recrystallization is a change in grain shape
ecause recrystallized grains are generally equiaxed and therefore
he simulations should not retain the distorted grain shapes from
ne pass to the next. To model this effect, the grains were restored
o a spherical shape between passes but the simulated crystal ori-
ntations were retained.
. Results
.1. Experimental texture measurements
Fig. 2 shows the basal (0 002) and prism (10 1¯ 0) pole figures of
he ZK60 alloy in (a) the as-received condition and after processing
y ECAP for 1 pass (1p) in dies having channel angles of (b) 90◦, (c)
10◦ and (d) 135◦: the billet axial direction is the 1-axis in the pole
gures.Reference is made in the following sections to certain regions
n the pole figures of relatively high intensity. These features of the
exture are marked with Greek symbols to aid in the comparisons
etween prediction and measurement but they are not intended to
epresent the ideal orientations or fibers. The ideal orientations andmulations and the orientation of the reference axis.
fibersusuallymanifest inmultiple locations in apolefigure. Theori-
entation stability analyses that identify relevant components and
fibers in simple shear for magnesium were presented only veryFig. 2. Experimental (0 002) and (1 0 1¯ 0) pole figures determinedon theflowplane
(3-plane in Fig. 1) of billets of the ZK60 alloy in (a) the as-received condition and
after ECAP processing using dies with channel angles of (b) 90◦ , (c) 110◦ and (d)
135◦ . Greek symbols are used to indicate areas of the pole figures discussed in the
text and they do not signify ideal components.


























Aig. 3. Predicted (0002) pole figures determined by VPSC simulations for 1 pass o
esolved shear stress for the four different slip systems; the experimental texture in
o that of the as-received material for both the distribution of ori-
ntations and the level of texture. The most noticeable change in
exture occurs after processing using the 90◦ die where there is
split in the distribution of the (0002) poles towards a position
otated 45◦ in a counter-clockwise sense from the 2-axis: this loca-
ion is marked as in Fig. 2(b). This texture feature also forms after
rocessingwith the110◦ diebut it ismuchweaker. The textureafter
rocessing using the 135◦ die is similar to the as-received material
uggesting that the amount of deformation is insufficient to cause
significant texture change.
The most noticeable difference in the (10 1¯ 0) pole figures by
omparison with the as-received material is the formation of an
xtra texture component of relatively high intensity around the 2-
xis. This is marked as  in Fig. 2(b)–(d) and occurs in materials
rocessed using all die angles.
.2. VPSC modeling: effect of CRSS
In order to evaluate the effect of the ratio between the CRSS for
he different slip systems in Mg alloys, several simulations were
onducted using different values for the non-basal systems. These
imulations considered deformation by ECAP in a die with ˚=90◦
sing the texture of the as-received material as input. A base value
f 1 was used for 〈a〉 basal slip in all simulations and the appro-
riate values for the other slip systems were varied from 1 to 8 in
ifferent combinations. Using this procedure, it was found that all
able 1
verage activity of the different slip systems during 1 pass of ECAP in a die with 90◦ betw





1-6-6-8 72.6in a die with a channel angle of 90◦ considering different combinations of critical
s-received material was used as input in the simulations.
simulated textures were stronger than the measured textures and
this is reasonable because the self-consistent codedoes not account
for grain–neighbor interactions.
Fig. 3 shows examples of the predicted (0002) pole figures
after 1 pass using ˚=90◦ for simulations involving different ratios
for the CRSS. Fig. 3(a)–(d) gives the predicted texture when the
CRSS for each non-basal slip system is, respectively, 2×, 3×, 4× and
6× the CRSS for basal slip. To understand the effect of these CRSS
ratios on the slip activity, Table 1 summarizes the average rela-
tive activity of the different slip modes during processing for the
various simulations shown in Fig. 3. Among the four examples in
Fig. 3, the 1-2-2-3 (basal-prismatic-pyramidal-second order pyra-
midal) set of CRSS values used in Fig. 3(b) produces results that
correspond most closely to the experimental observation shown
in Fig. 2(b). The set used in Fig. 3(a), 1-2-2-2, produces insufficient
texture evolution and develops extra texture components labeled
 (located counter-clockwise by ∼25◦ from the 1-axis) that are not
present in the experimental measurements. The calculations sug-
gest the orientations at  form as a result of excessive activity from
the second-order pyramidal 〈c+ a〉 slip system. This is confirmed
in Fig. 3(b) where an increase in the CRSS for this system to 3×
the value for basal slip leads to a reduction in the 〈c+ a〉 slip activity
and the intensity of the orientations at.While increasing the CRSS
ratio of non-basal slip to basal slip beyond 3× also removes the 
components, they result in a progressive counter-clockwise rota-
tion of the texture about the 3-axis which is in disagreement with
een channels.
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CRSS of the slip systems but nevertheless the stresses vary duringig. 4. Predicted (0002) and (1 010) pole figures determined by VPSC simulations
or 1 pass of ECAP when considering the optimum set of ratios for the CRSS values
f the four different slip systems and dies with channel angles of (a) 90◦ , (b) 110◦
nd (c) 135◦ .
he measurements. It is apparent from Table 1 that the 1-2-2-3 set
n Fig. 3(b) activates the highest levels of prismatic 〈a〉 and pyra-
idal 〈a〉 slip and maintains the second-order pyramidal 〈c+ a〉 slip
ctivity at a sufficiently low level to prevent the formation of the
xtra components labeled  that are not observed experimentally.
More detailed calculations show the combination of CRSS values
roviding the best agreement with the experimental results for all
hannel die angles is 1.0 for basal 〈a〉, 1.3 for prismatic 〈a〉, 1.4 for
yramidal 〈a〉 and 2.8 for second-order pyramidal 〈c+ a〉. The corre-
ponding (0002) and (10 1¯ 0) pole figures predicted for 1 pass of
CAP for dies having the three different channels angles are shown
n Fig. 4. These calculated textures reproduce some of the impor-
ant features observed in the experimental textures such as the
ormation of the orientations at  in the (0002) pole figure for the
aterial processed in the 90◦ die and to a lesser extent in the 110◦
ie. Themodel alsopredicts the concentrationof basal poles around
he 2-axis, labeled in Fig. 4(a) and (b), for processing through dies
ith channel angles of 90◦ and 110◦. As shown, this combination
f CRSS values predicts almost no change in the (0002) pole fig-
re for the material processed through the 135◦ die and this is in
greement with the experimental observation in Fig. 2. It also pre-
icts the formation of the relatively strong texture component in
he (10 1¯ 0) pole figure close to the 2-axis for all three dies, labeled
in Fig. 4 for clarity, which is also apparent in the experimental
ole figures in Fig. 2. It is important to note that the best set ofEngineering A 527 (2010) 1709–1718 1713
CRSS values includes ratios of non-basal to basal slip that are sig-
nificantly lower than those used previously (for example, 1-6-6-8
in Refs. [6,8]). The reasons for this difference are discussed later.
3.3. VPSC modeling through multiple passes
Fig. 5 shows the predicted (0002) pole figures after 4 passes
of ECAP for the three different channel angles and after processing
through the conventional routes of A, BC and C, where A refers to
no rotation about the longitudinal axis between consecutive passes
and BC and C refer to rotations by 90◦ in the same sense and 180◦,
respectively [30,31]. Thepredictions in Fig. 5 use the optimumCRSS
values used to construct Fig. 4 and they assume the relative ratios
of these values remain unchanged during ECAP processing.
It is apparent from Fig. 5 that the texture developed after 4
passes through route A have similar features for all channel angles.
Two major texture features are visible in the pole figure with the
main one formed around the 2-axis and labeled  and the other
around the 3-axis labeled . The calculated pole figures in Fig. 5 for
routes BC and C for the 90◦ and 110◦ dies also show these two fea-
tures similar to route A but with some modifications. For 4 passes
using route C, the model predicts some intensity labeled  rotated
counter-clockwise from the 2-axis by 45◦ and 55◦ for the 90◦ and
110◦ dies, respectively. Fig. 5(i) shows that, regardless of the pro-
cessing route, pressing through 4 passes using the 135◦ die has no
significant effect on the initial texture.
3.4. VPSC modeling with an initial random texture
Retaining the same CRSS values, additional simulations were
also conducted assuming an initial random texture. Fig. 6 shows
the predicted (0002) pole figure after 1 pass using a die with a
channel angle of 90◦ where it is apparent that a large concentration
of grains are oriented with their basal poles aligned at positions
rotated counter-clockwise between 5◦ and 45◦ from the 2-axis.
The assumption of an initial random texture was extended to 4
passes as shown by the (0002) pole figures in Fig. 7 for processing
through route C with three different channel angles. Processing by
route Cwas selected because the shearing occurs on the same shear
plane and therefore it is easier to control the evolution of texture.
Furthermore, it is evident from Fig. 5 that texture development
in route C changes with channel angle in an intuitive manner as
explained below. By contrast, Fig. 5 shows that route A leads to the
formation of similar textures independent of the channel die angle
and route BC leads to the activation of various shear planes so that
it becomes difficult to predict and control the texture evolution.
It is apparent from Fig. 7 that there are two major changes in
the texture after processing by route C through each of the channel
angles. The first development is labeled  and it is located around
the 2-axis and the other one is labeled and it is rotated from the 1-
axis by an amount that depends on the channel angle. Significantly,
the concentration of basal poles at  is aligned normal with the
channel intersection plane for each die angle. The normals to the
shear planes make angles of 45◦, 35◦ and ∼22◦ to the exit channel
in the 90◦, 110◦ and 135◦ dies, respectively. Therefore, the texture
develops such that the basal planes align parallel to the shear plane
for each separate die.
3.5. The evolution of stress during processing by ECAP
The current simulations incorporate no strain hardening in theECAP because of changes in the grain orientations which affect the
resolved shear stresses for thedifferent slip systems. This is referred
to as geometric hardening (or softening). In practice, observed vari-
ations in flow stress depend upon such geometric effects, the level










Eig. 5. Predicted (0002) pole figures determined by VPSC simulations for 4 passes
lower row) for dies having channel angles of 90◦ (left column), 110◦ (central colum
atios for the CRSS values of the four different slip systems.
f slip activity and the appropriate hardening evolution of the CRSS
or each slip system.Fig. 8 shows the evolution of stress, normalized by the CRSS of
he basal slip system, as a function of strain during processing by
CAP using dies having the three different channel angles. Thus,
he materials exhibit geometric softening in the initial stages of
ig. 6. Predicted (0002) pole figure determined by VPSC simulation for 1 pass of
CAP in a die with a channel angle of 90◦ considering an initial random texture.AP when processing using route A (upper row), route BC (middle row) and route C
d 135◦ (right column); the calculations were conducted using the optimum set of
deformation with the 90◦ and 110◦ dies and thereafter the stress
increases slightly in the strain ranges of ∼0.2–0.5 with the 110◦ die
and ∼0.2–0.8 with the 90◦ die. The final stages of deformation are
characterized by a more pronounced hardening in both of these
dies. By contrast, there is only a minor increase in the normalized
stress when using the 135◦ die.
4. Discussion
4.1. The influence of non-basal slip on texture evolution
The texture evolution in magnesium alloys processed by ECAP
depends upon the composition of the alloy, the initial grain size and
upon parameters associated with ECAP including the temperature,
the processing route and the number of passes. Thus, the compo-
sition, grain size and processing temperature will affect the ratio
between the basal and non-basal slip activity. In general, higher
processing temperatures and smaller grain sizes favor the occur-
rence of non-basal slip.
There are several reports describing the texture developed after
ECAP in pure magnesium [6,32,33] and various magnesium alloys
including AM60 [5], AZ31 [3,7,8,34,35], AZ61 [36], AZ80 [4,7,8],
WE43 [8], ZK60 [7,8] and Mg–Li alloys [8,37]. Since the present
R.B. Figueiredo et al. / Materials Science and
Fig. 7. Predicted (0002) pole figures determined by VPSC simulations for 4 passes
of ECAP through route C from a random initial texture with dies having channel
angles of (a) 90◦ , (b) 110◦ and (c) 135◦; the texture component developed in the
region labeled  becomes aligned perpendicular to the theoretical shear plane for
the different dies.
Fig. 8. Prediction of stress normalized by the CRSS of basal slip plotted as a function
of strain during ECAP processing in dies having channel angles of 90◦ , 110◦ and 135◦ .Engineering A 527 (2010) 1709–1718 1715
experiments used a ZK60 alloy with a very fine initial grain size of
∼2.9m and a pressing temperature of 473K, it is anticipated that
non-basal slip will play a significant role in texture development.
This is confirmedbecause the extra component labeled in Fig. 2(a)
was successfully predicted when using a small ratio between the
CRSS for non-basal and basal slip as shown in Fig. 3(a) and (b). By
contrast, the formation of an extra  component was not apparent
in the (0002) pole figure after 1 pass of ECAP for the same alloy
having an initial coarse grain size [8]. This demonstrates that any
successful prediction of texture evolution inMgalloys processedby
ECAPmust incorporate thegrain sizeprior topressing. It is apparent
that texture evolution of the ZK60 alloy with an initial coarse struc-
ture is best modeled by increasing the ratio between non-basal and
basal slip in order to reduce the non-basal activity.
The amount of non-basal slip after multiple passes of ECAP
affects the intensity of the (0002) poles around the 3-axis, labeled
 in Fig. 5, such that ahighnon-basal activity increases the intensity
of this component. This texture component is present in Fig. 5(a)
and it was reported in a Mg–Li alloy processed through 4 passes of
ECAP using route A [8].
4.2. The effect of die angle and processing route
The number of passes of ECAP, the processing route and the die
angle will affect the orientation of the shear plane and the imposed
strain. As the shear strain in ECAP is not continuous,multiple passes
lead to different shear orientations depending upon the process-
ing route [30,31]. In addition, both the amount of shear and the
orientations of the shear planes depend upon the die angle.
The amount of strain per pass in dies with channel angles of 90◦,
110◦ and 135◦ is ∼1.1, ∼0.8 and ∼0.5, respectively [28]. Therefore,
an increase in the die angle slows the development of texture. The
experimental observations in the present study, recorded in Fig. 2,
show only minor changes in the original texture after processing
through 1 pass using a die with an angle of 110◦ and essentially no
change using a die with an angle of 135◦. This slow development of
texture is predicted by the simulations in Fig. 4 and it is noted that
even after 4 passes, shown in Fig. 5, there is no significant change in
the original texture when using the 135◦ die. This is in agreement
with experiments on an initially textured Mg alloy deformed by
warm torsion where a simple shear texture developed only after a
large strain [38].
Processing through route A leads to an increased tendency for
the (0002) poles to align parallel to the 2-axis and 3-axis as shown
in Fig. 5(a) and marked as  and , respectively. The formation at
was reported experimentally in pure magnesium [32,33] and the
AM60 [5], AZ31,WE43 and ZK60 alloys [8]. The present simulations
show also high intensities of (0 002) poles at a direction normal
to the flow plane when high non-basal activity is enforced using
route A, labeled as  in Fig. 5(a). These texture developments were
not observed in the processing of rolled alloys [5] but they were
observed after processing some extruded alloys [8].
Processing route C of ECAP is characterized by shearing on the
same plane but in an opposite sense in each consecutive pass [39]
and this suggests there may be a recovery of the initial texture after
every even number of passes. However, this was not observed in
pure IF-steel [40], pure Be [15] or Cu [41] where a shear texture
was present after 2 passes of ECAP. For these metals, the persistent
shear texture was attributed to variations in the deformation zone
due to changes in the material behavior from one pass to the next
[11,15,41]. Texture formation is also expected in magnesium and
its alloys after an even number of passes of ECAP using route C. For
magnesium processed by ECAP in a die with a channel angle of 90◦,
the difference in CRSS for the different slip systems leads to the
formation of a persistent zone in which the crystal rotation is small
[6]. Part of the texture generated in the first pass of ECAP is then
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riented in such a way that it overlaps with the persistent zone in
he second pass through route C leading to a split in the texture.
his split is visible in Fig. 5 for route C and in Fig. 7 for the dies with
hannel angles of 90◦ and 110◦ but it is not observed for the 135◦
ie because of the low strain.
.3. Effect of initial texture
The present results show that texture evolution from the orig-
nal texture is relatively minor after 1 pass of ECAP. In the initial
exture, most of the (0002) poles are uniformly distributed per-
endicular to the billet axis as in Fig. 2(a) and this is retained after
pass as shown inFig. 2(b)–(d). Simulations formultiplepasses also
redict the general features of the initial texture such that minimal
exture evolution is evident for the 135◦ die in Fig. 5.
The present results show that the initial texture is important.
lthough details of the initial texture and its evolution may differ,
ther reports on pure magnesium and its alloys also suggest the
trong effect of the initial texture when processing by ECAP. Gener-
lly, magnesium initially has either an extruded or a rolled texture
here the extruded texture contains a homogeneous distribution
f the (0002) poles perpendicular to the billet axis whereas the
olled texture has the (0002) poles concentrated perpendicular to
he sheet plane. A direct consequence of these initial conditions is
hat the component labeled  is part of the extruded texture but
t is not observed in the rolled texture after ECAP. It was shown
hat the texture components at  and  and some high intensities
erpendicular to the billet axis are observed in the ZK60 and WE43
lloys and in a Mg–Li alloy even after 4 passes of ECAP through
oute A when processing from an initial extruded texture [8]. How-
ver, only the component at was observed in an AM60 alloy after
passes of ECAP using the same route and an initial rolled tex-
ure [5]. It was also shown that pure magnesium processed from
n initial forged condition, which has a similar texture to the rolled
ondition, develops only the component at after 4 passes through
he same ECAP route [6]. Moreover, the extruded ZK60 alloy exhib-
ted the three texture features at ,  and  shown in Fig. 5 after
passes of ECAP using route C [7] while texture components were
bserved only at  and  in forged pure Mg after similar process-
ng [6] and in the rolled AM60 alloy processed by 2 passes through
oute C [5].
To more fully understand the influence of the initial texture,
imulations were conducted considering an initial random tex-
ure as shown in Figs. 6 and 7. Fig. 6 shows that a single pass of
CAP leads to the formation of high intensities of (0 002) poles
n the range ∼5–45◦ rotated counter-clockwise from the 2-axis.
he alignment of the basal planes in the shear direction in a die
ith a channel angle of 90◦ leads to a reorientation of the (0002)
oles to positions rotated counter-clockwise by about 45◦ from the
-axis. It is therefore concluded that the basal poles do not align
ith the shear plane normal in a single pass. However, process-
ng through route C leads to texture evolution and the expected
rientations in which the basal planes align parallel to the shear
lane of the die. This is observed even in the 135◦ die despite
he relatively low shear strain imposed in each pass. Fig. 7 shows
hat it is possible to align some of the texture components in
he (0002) pole figure normal to the intersection plane of the
ies and this means that the simulations predict, after multiple
asses through route C, the formation of a component of texture in
hich the basal planes are aligned parallel to the die intersection
lane..4. The role of geometric softening
The curves in Fig. 8 show that the variations in texture during
CAP affect the flow stress when the processing is carried out inFig. 9. The VPSC prediction of the ratio of activity on the different slip systems
plotted as a function of strain in ECAP processing for dies having channel angles of
(a) 90◦ , (b) 110◦ and (c) 135◦ .
dieswith channel angles of 90◦ and110◦. It is important to note that
the present simulations do not include hardening of the different
slip systems due to the accumulation of strain but instead the flow
stress for each slip system is considered constant throughout the
deformation process. Therefore, any change in the average stress is
caused by variations in the grain orientations and by the activation
of slip systems having different CRSS.
In order to understand the evolution of the stress during ECAP, it
is important to evaluate the activity of the different slip systems as
a function of the imposed strain. Fig. 9 shows these plots for chan-
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mount of basal slip increases at the beginning of deformation in
ies with 90◦ and 110◦ channel angles within the strain range hav-
ng softening in the stress–strain curves in Fig. 8. This shows the
eduction in stress is associated with an increase in the activity of
asal slip which has the lowest CRSS among the different slip sys-
ems. For the strain range where the stress–strain curves exhibit a
light increase, from ∼0.2 to ∼0.5 for the 110◦ die and ∼0.2 to ∼0.8
or the 90◦ die, the relative activities of the different slip systems
s constant. Therefore, the increment in stress is associated with
otations of the grains to orientations requiring higher stresses in
rder to activate the same slip systems. The final stage of deforma-
ion, which is characterized by a significant increase in the stress,
hows an increase in the activity of prismatic slip and a correspond-
ng reduction in basal slip. This suggests that hardening in the final
tage is associatedwith the activation of slip systems having higher
RSS.
The activity ratios of the different slip systems exhibit almost
onstant values throughout the process when using the die with
n angle of 135◦. As also shown by the stress–strain curve in Fig. 8
here there are no significant variations, it is concluded that the
otations of the grains are not sufficient to alter the stress required
o maintain the CRSS of the slip systems. This is in agreement
ith the experiments and with the simulation of texture evolu-
ion where there are almost no changes after processing the Mg
lloy through the die with a channel angle of 135◦. It is noted that
he activity of the second-order pyramidal system is very low and
his is consistent with single crystal data showing this slip system
as a high CRSS [24].
The texture softening observed in these simulations support
xperimental observations of the formation of a geometrically
ofter zone in an Mg–0.8% Al alloy when deformed in compres-
ion [42]. These softer shear zones exhibit a strong texture and
heir orientation favors basal slip. Therefore, the reduction in the
verall flow stress observed in the stress–strain curve is strongly
elated to the formation of a geometrically softer shear band. It
as also reported that the geometrically softer shear bands per-
ist to large strains during hot compression and it was proposed
hat the deformation within these bands occurs predominantly by
asal slip but dynamic recovery and recrystallization take place
uring deformation which prevent any change in the grain aspect
atio within these bands [42]. This suggests the grains attain an
rientation favorable to slip and then retain this orientation during
ubsequent deformation. In practice, the VPSC simulations cannot
redict inhomogeneous mechanisms such as macroscopic shear
anding and thus they predict an increase in stress after the ini-
ial reduction. It is reasonable to conclude from this analysis that
eformation in magnesium is strongly susceptible to flow soften-
ng due to rotations of the grains to orientations favorable for basal
lip.
The geometric softeningphenomenonobserved in thiswork can
ontribute to general flow softening, which is the result of both
eometric and material softening. Experiments have shown that
ow softening may lead to plastic instabilities and shear localiza-
ion in ECAP [43–46] and plastic instabilities lead to a significant
ncrease in the damage accumulated by the billets within the shear
ands [45]. Thus, the present results are of interest for developing
uccessful routes for the processing of magnesium alloys without
illet failure. It is important to note that geometrical softening is
ot directly associated with general flow softening because there
re other variables, such as the hardening of the slip systems, that
ffect the overall stress required for deformation. However, it is
easonable to predict that billets processed through a die with a
arger channel angle, such as 135◦, will be less susceptible to the
evelopment of flow softening. This is in agreement with reports
emonstrating that an increase in the ECAP die angle facilitates the
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5. Summary and conclusions
(1) AmagnesiumZK60alloywasprocessedbyequal-channel angu-
lar pressing for 1 pass using dies having angles of 90◦, 110◦
and 135◦. The evolution of texture was predicted using a visco-
plastic self-consistent model and the simulations were further
extended to predict the textures after 4 passes using ECAP
processing routes A, BC and C. The ratios between the critical
resolved shear stress (CRSS) for basal and non-basal slip were
adjusted to give an optimum correlation between the experi-
mental data and the simulations. The same material model was
used for all die angles.
(2) The best agreement between the predictions of the simulations
and the experimental texture for all three die angles requires a
low ratio between the CRSS of the basal and non-basal slip sys-
tems. Modeling suggests that the measured texture evolution
results from significant activity from prismatic 〈a〉 and pyrami-
dal 〈a〉 slip. These values of the CRSS are different from some
earlier reports for single crystals and polycrystals of Mg alloys
and the difference is attributed to the smaller grain size.
(3) The development of texture is dependent upon the initial tex-
ture prior to ECAP, the ECAP processing route and the channel
angle within the die. The simulations reveal evidence for geo-
metrical softening in the first stage of deformation during
processing in dies with channel angles of 90◦ and 110◦.
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